Introduction {#h0.0}
============

The human infections of H7N9 influenza viruses were first detected in China during February and March 2013 ([@B1]). As of 30 May 2013, 132 human cases were detected in 9 provinces and municipalities, leading to 37 deaths so far (<http://www.who.int/influenza/human_animal_interface/influenza_h7n9/08_ReportWebH7N9Number.pdf>). Viral genetic analysis reveals that all gene segments are of avian origin, with six "internal genes" being derived from avian influenza A (H9N2) viruses while the H7 and N9 surface proteins originate from duck and wild-bird viruses ([@B1]). Live poultry in wet markets appear to be an important source of human infection ([@B2], [@B3]). While other avian influenza viruses, including highly pathogenic avian influenza (HPAI) H5N1 and H7N7 viruses and low-pathogenic avian influenza (LPAI) H9N2, have infected humans over the past decade, this novel A/H7N9 virus appears to be more readily transmitted from poultry to humans. This may be related to the fact that these H7N9 viruses have a number of molecular markers associated with mammalian adaptation, including changes in the receptor binding site and loss of glycosylation sites in the hemagglutinin and E627K mutations in the polymerase basic protein 2 ([@B1], [@B4]).

Patients infected with A/H7N9 viruses have a rapidly progressive pneumonia leading to respiratory failure and acute respiratory distress syndrome (ARDS) reminiscent of human HPAI H5N1 disease ([@B1]). Thus, it is logical to make comparisons with the pathogenesis of human H5N1 viruses. A numbers of studies have shown that high replication, induction of proinflammatory cytokines and cytokine dysregulation, and sometimes virus dissemination beyond the respiratory tract contribute to the severity of human H5N1 disease ([@B5]). It is important to know whether similar mechanisms contribute to the pathogenesis of human H7N9 disease. On the other hand, there are some significant differences between the epidemiologies of human infections with H5N1 and H7N9 viruses. While the age distribution of human H5N1 infections is primarily children and young adults, human H7N9 infections detected so far occur in older adults and elderly individuals, often those with underlying comorbidities ([@B3]). This is not easily explained by only exposure risks. It is possible that H7N9 infections in children and young adults are mild and go undiagnosed; the full spectrum of human infection remains to be defined. In that case, the reasons for increased disease severity in elderly people need to be understood.

Here we investigate the pathogenicity of human H7N9 viruses. We carried out experimental infections of mice with an isolate from a human patient with fatal disease, A/Shanghai/2/2013. Mortality, weight loss, virus titers, and cytokine induction in the lung and evidence of virus dissemination were determined. Other viruses were used for comparison.

RESULTS {#h1}
=======

Pathogenesis of the H7N9 and H9N2 viruses in mice. {#h1.1}
--------------------------------------------------

To examine the pathogenicity of human H7N9 viruses in an *in vivo* model, we intranasally infected 6- to 8-week-old healthy female BALB/c mice (six mice in each group) with doses ranging from 1 × 10^2^ to 1 × 10^5^ PFU of the A/Shanghai/2/2013 (H7N9) (Sh2/H7N9) virus isolated from a human patient with fatal infection ([@B1]). As controls, A/duck/Jiangxi/3286/2009 (H7N9) (dk/H7N9), a virus with genetic makeup different from that of Sh2/H7N9, A/chicken/Hong Kong/HH8/2010 (H9N2) (ck/H9N2), which has an "internal gene" constellation genetically similar to that of Sh2/H7N9, and A/Hong Kong/483/1997 (H5N1) (483/H5N1) were infected in parallel. The differences in genetic sequence at some of the key amino acid positions between the viruses used in this study are shown in [Table 1](#tab1){ref-type="table"}. Mice inoculated with the viruses were monitored for 14 days for signs of illness, weight loss, and mortality. We found that the mice infected by the Sh2/H7N9 virus showed signs of illness and weight loss starting from 2 days postinfection ([Fig. 1](#fig1){ref-type="fig"}). The mice showed around a 15% loss of weight, while mice infected with dk/H7N9 and ck/H9N2 showed less than 5% weight loss, suggesting that Sh2/H7N9 is relatively more pathogenic for mice ([Fig. 1](#fig1){ref-type="fig"}). In a dose-response study, mice infected with Sh2/H7N9 lost weight with an infectious dose as low as 10^3^ PFU, but no weight loss was observed at the dose of 10^2^ PFU (data not shown). Although Sh2/H7N9 was isolated from a fatal human infection, none of the mice died after infection with this virus at any of the infectious doses tested.

###### 

Comparison of the selected amino acids with the A/Shanghai/2/2013 (Sh2/H7N9) virus

  --------------------------------------------------------------------------------
  Virus\               Amino acid(s) at each position                   
  (abbreviation)                                                        
  -------------------- -------------------------------- --- --- --- --- ----------
  A/Shanghai/2/2013\   K                                A   A   L   S   Deletion
  (Sh2/H7N9)                                                            

  A/Dk/JX/3286/2009\   E                                A   A   Q   S   ESEV
  (dk/H7N9)                                                             

  A/Ck/HK/HH8/10\      E                                S   A   L   S   Deletion
  (ck/H9N2)                                                             

  A/HK/483/97 H5N1\    K                                A   T   Q   S   EPEV
  (483/H5N1)                                                            
  --------------------------------------------------------------------------------

 H3 numbering.

![Weight change of the mice infected with A/Shanghai/2/2013 (H7N9) compared with other avian H9N2 and duck H7N9 viruses. Female BALB/c mice were infected intranasally with 10^5^ PFU (A), 10^4^ PFU (B), or 10^3^ PFU (C) of the Sh2/H7N9, dk/H7N9, or ck/H9N2 virus. The virus-infected mice were monitored for 14 days, and the weight was determined daily. Results from each group and each time point are expressed as means ± standard deviations (SD) of six infected mice. \*, *P* \< 0.05.](mbo0041315540001){#fig1}

Histologically mild focal inflammation was identified in the lungs of mice infected with Sh2/H7N9 and dk/H7N9 viruses at day 5. No evidence of bronchial epithelial necrosis was identified. The inflammation was patchy and peribronchial and did not extend appreciably into the alveolar parenchyma ([Fig. 2A and B](#fig2){ref-type="fig"}). Immunohistology for influenza antigen showed minimal involvement of the bronchial or bronchiolar epithelium, and antigen expression was seen mostly in alveolar pneumocytes ([Fig. 2C and D](#fig2){ref-type="fig"}).

![Histology and immunohistochemistry of the mice infected with Sh2/H7N9 compared with dk/H7N9 virus. (A and B) Histology of lung sections stained by hematoxylin and eosin from mice infected with Sh2/H7N9 (A) or dk/H7N9 (B) at 5 days postinfection. (C and D) Immunohistochemical detection of virus nucleoprotein in lungs from mice infected with Sh2/H7N9 (C) or dk/H7N9 (D) at 5 days postinfection. Arrows indicate positively stained lung alveolar epithelial cells. Magnification, ×10.](mbo0041315540002){#fig2}

Viral replication of H7N9, H9N2, and H5N1 viruses in mice. {#h1.2}
----------------------------------------------------------

Sh2/H7N9, ck/H9N2, dk/H7N9, and HPAI A/HK/483/97 (483/H5N1) viruses were compared. Mice were infected intranasally with a dose of 10^5^ PFU, with the exception of H5N1 virus, for which a dose of two 50% lethal doses (LD~50~) (around 10^3.7^ PFU) was used because this virus is rapidly lethal for mice. Sh2/H7N9 virus replicated to higher titers in the lung than did ck/H9N2 virus at both day 3 and day 5 postinfection and to higher titers than dk/H7N9 at day 3 postinfection. However, the virus titers were lower than those for 483/H5N1 ([Table 2](#tab2){ref-type="table"}). Interestingly, although dk/H7N9 did not cause dramatic weight loss in the mice, it still replicated well in the nasal cavity and lung of the mice, but with a slower replication kinetic in the lung. Among the tested virus strains, ck/H9N2 replicated the least well, although it possesses 6 internal gene segments of similar genetic derivation to those of Sh2/H7N9 virus. With the exception of 483/H5N1, we did not observe any systemic spread of virus from the mice infected by either human or avian H7N9 virus or the ck/H9N2 virus. No virus titers were detected at 8 days postinfection in either H7N9 or H9N2 virus, suggesting that mice can clear the virus effectively.

###### 

Virus replication of human-isolated H7N9 virus and other control viruses in mice^[*a*](#ngtab2.1)^

  -----------------------------------------------------------------------------------------------------------------------
  Virus\               Source\        Infectious\            No.\              Virus titer\                          
  (abbreviation)       of isolation   dose (PFU)             of days\          (TCID~50~/100 µl)                     
                                                             after infection                                         
  -------------------- -------------- ---------------------- ----------------- ------------------- ------------ ---- ----
  A/Shanghai/2/2013\   Human          10^5^                  3                 4.0 ±0.3            3.7 ±0.9     --   --
  (H7N9) (Sh2/H7N9)                                                                                                  

  5                    3.7 ±0.3       4.6 ±0.2               --                --                                    

  8                    0              0                      --                --                                    

  Dk/JX/3286/2009\     Duck           10^5^                  3                 2.3 ±0.1\*          3.1 ±1.9     --   --
  (H7N9) (dk/H7N9)                                                                                                   

  5                    3.7 ±0.4       2.6 ±1.9               --                --                                    

  8                    0              0                      --                --                                    

  Ck/HK/HH8/10\        Chicken        10^5^                  3                 1.6 ±1.0\*          1.7 ±1.0\*   --   --
  (H9N2) (ck/H9N2)                                                                                                   

  5                    1.4 ±0.9\*     2.5 ±0.6               --                --                                    

  8                    0              0                      --                --                                    

  A/HK/483/97 H5N1\    Human          10^3.7^ (\~2 LD~50~)   3                 5.2 ±0.2\*          4.1 ±1.0     --   --
  (H5N1) (483/H5N1)                                                                                                  

  5                    4.7 ±0.3\*     4.1 ±0.6               2.6 ±1.0          1.7 ±0                                

  8                    ND             ND                     ND                ND                                    
  -----------------------------------------------------------------------------------------------------------------------

ND, not determined. All mice infected with A/HK/483/97 died on day 7 postinfection. BALB/c mice were infected intranasally with 25 µl of virus. Three mice from each group were euthanized at days 3, 5, and 8 postinfection for virus titration. Virus titer values are means and standard deviations. --, virus not isolated. Asterisks indicate a significant difference compared with Sh2/H7N9 (*P* \< 0.05).

To further investigate the replication efficiency among the viruses we used in this study, MDCK cells were infected by Sh2/H7N9, dk/H7N9, and ck/H9N2 at a multiplicity of infection (MOI) of 0.01 and infectious virus titer was measured by 50% tissue culture infective dose (TCID~50~) titrations at 24, 48, and 72 h postinfection. The virus titer of Sh2/H7N9 was higher than those of the other two virus strains at all time points (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material).

Cytokine induction by H7N9, H9N2, and H5N1 viruses in experimentally infected mice. {#h1.3}
-----------------------------------------------------------------------------------

It has been shown that cytokine dysregulation is associated with the pathogenicity of H5N1 virus, as shown by clinical, *in vivo* (mice and ferret), and *in vitro* models. To better understand the cytokine responses of mice infected by Sh2/H7N9 virus, we analyzed 10 proinflammatory cytokines in the lungs and serum from the mice infected by different viruses. Compared to dk/H7N9 and ck/H9N2 viruses, lungs from the mice infected by Sh2/H7N9 exhibited higher levels of the proinflammatory cytokines tumor necrosis factor alpha (TNF-α), macrophage inflammatory protein 1α/β (MIP-1α/β), RANTES, monocyte chemotactic protein 1 (MCP-1), MCP-3, alpha interferon (IFN-α), gamma interferon (IFN-γ)-induced protein 10 (IP-10), and KC at days 3 and 5 postinfection ([Fig. 3](#fig3){ref-type="fig"} and [Fig 4](#fig4){ref-type="fig"}). The 483/H5N1 virus, which is lethal to mice, induced higher KC, MCP-3 and MCP-1, RANTES, and TNF-α levels than Sh2/H7N9, even though the infecting dose was lower.

![Cytokine induction in lungs of mice infected with A/Shanghai/2/2013 (H7N9) or other avian H9N2, duck H7N9, and highly pathogenic avian influenza H5N1 viruses, and correlation with viral load. Cytokine IP-10 (A), TNF-α (C), and MIP-1β (E) levels from virus-infected lungs were measured at days 3, 5, and 8 postinoculation by the FlowCytomix system. Results from each time point are expressed as means ± SD of three infected mice (*n* = 3). \*, *P* \< 0.05. Correlations between the cytokines IP-10 (B), TNF-α (D), and MIP-1β (F) and the virus load of the corresponding mice from all groups of mice at 3 days postinfection. Spearman's correlation coefficients (*r*) are given in each graph. Square, 483/H5N1; diamond, Sh2/H7N9; triangle, dk/H7N9; circle, ck/H9N2.](mbo0041315540003){#fig3}

![Cytokine responses in the lungs of mice infected with A/Shanghai/2/2013 (H7N9) virus or other avian H9N2, duck H7N9, and highly pathogenic avian influenza H5N1 viruses. Cytokine levels of MCP-1 (A), MCP-3 (B), KC (C), IFN-α (D), MIP-1α (E), IFN-γ (F), and RANTES (G) from virus-infected lungs (*n* = 3 mice per virus group; days 3, 5, and 8 postinoculation) were measured individually by the FlowCytomix system. Results from each time point are expressed as means ± SD of three infected mice. \*, *P* \< 0.05.](mbo0041315540004){#fig4}

We next investigated whether the higher cytokine induction by Sh2/H7N9 than by dk/H7N9 and ck/H9N2 is related to its increased replication competence in the lung of mice. Viral TCID~50~ titers were positively correlated with cytokine protein levels (IP-10, TNF-α, and MIP-1β) at day 3 postinfection ([Fig. 3](#fig3){ref-type="fig"}). However, there was no significant correlation between replication and cytokine levels at day 5 postinfection (data not shown).

The levels of cytokine in the serum were also investigated. A high level of IP-10, which is comparable to those in mice infected by the H5N1 virus, was detected in Sh2/H7N9-infected mice. Significantly higher levels of MCP-1, MCP-3, KC, and IFN-α were detected in the serum of H5N1-infected mice than in that of mice infected with the Sh2/H7N9, dk/H7N9, and ck/H9N2 viruses ([Fig. 5](#fig5){ref-type="fig"}).

![Serum cytokine responses of A/Shanghai/2/2013 (H7N9) virus compared with those of avian H9N2, duck H7N9, and highly pathogenic avian influenza H5N1 viruses. Cytokine levels of IP-10 (A), TNF-α (B), MCP-1 (C), MCP-3 (D), IFN-γ (E), MIP-1β (F), KC (G), and IFN-α (H) from virus-infected lungs (*n* = 3 mice per virus group; days 3 and 5 postinoculation) were measured individually by the FlowCytomix system. Results from each time point are expressed as means ± SD of three infected mice. \*, *P* \< 0.05.](mbo0041315540005){#fig5}

DISCUSSION {#h2}
==========

In this study, we have shown that the human Sh2/H7N9 virus is more pathogenic in mice than dk/H7N9 and ck/H9N2 viruses but less pathogenic than HPAI 483/H5N1. None of these viruses were lethal to mice, in contrast to infection with 483/H5N1 virus, which was uniformly fatal to mice even when administered at a lower dose (dose of 10^3.7^ PFU). Both the Sh2/H7N9 and dk/H7N9 viruses replicate effectively in the upper (nasal) and lower (lung) respiratory tract of mice, infecting alveolar epithelial cells, but only Sh2/H7N9 appears to cause significant weight loss. Higher levels of proinflammatory cytokines were detected from the lung and serum of the human Sh2/H7N9-infected mice than from those of mice infected with dk/H7N9 and ck/H9N2 viruses. Cytokine induction by 483/H5N1 in the lung and in serum was higher than that induced by Sh2/H7N9, even though the infecting dose of H5N1 virus was lower than that used for Sh2/H7N9 virus. Overall, the differences in cytokine induction may be correlated with efficiency of virus replication, at least at day 3 postinfection ([Fig. 3](#fig3){ref-type="fig"}).

The viral determinants of human pathogenicity of H7N9 virus remain to be clarified. It is likely that PB2-E627K contributes to mammalian host adaptation and pathogenicity of Sh2/H7N9. An E627K substitution in the PB2 gene has been identified in many human virus isolates, and a number of studies have shown that this mutation is associated with increased virulence of avian influenza viruses for mammals ([@B6]--[@B11]). Although some of the recent H7N9 human isolates still retain 627E, the occurrence of the PB2-D701N mutation in these viruses may compensate as the mammalian host adaptation mutation in these viruses ([@B12], [@B13]). The mutation at HA-Q226L of the virus may also contribute to pathogenicity in humans, as this change increases the affinity of the H7N9 virus for α2,6 receptors found in the human respiratory tract ([@B14], [@B15]). However, such a change in receptor binding may not be relevant in the mouse model, in which the avian α2,3 receptor is the dominant sialic acid species in the respiratory tract.

Human H7N9 virus originated from multiple reassortment events ([@B16]), with the HA and NA genes originating from duck and migratory bird viruses, respectively, and the six internal genes originating from two different groups of H9N2 avian strains. We found that the purely avian H7N9 virus (dk/H7N9) can replicate effectively in mice, although with minimal symptoms. Thus, our results with dk/H7N9 virus suggest that the transmission of the duck H7 precursor virus is unlikely to be pathogenic in mammals. The lack of PB2-K627 may contribute to this difference in phenotype. Moreover, we have shown that an H9N2 virus which possesses an internal gene segment constellation similar to that of Sh2/H7N9 also failed to exhibit a pathogenic phenotype comparable to that of Sh2/H7N9 in mice. Whether the surface proteins of human H7N9 contribute to the pathogenicity still needs to be further investigated.

Previous data suggested that cytokine dysregulation is a contributory factor in H5N1-related disease pathogenesis ([@B17]--[@B20]). One study has shown high serum IL-10 levels in a patient severely ill with H7N9 disease ([@B2]). Our results showed that mice infected with Sh2/H7N9 induced a range of proinflammatory cytokines in the lung and serum, although their clinical relevance remains unclear. We found that the level of cytokines induced at an early stage of infection (day 3 postinfection) is positively correlated to virus replication, implying that the higher cytokine levels with Sh2/H7N9 may be a reflection of more-efficient virus replication. 483/H5N1 virus appeared even more potent in eliciting proinflammatory cytokine responses than Sh2/H7N9 virus, even though the infecting dose was 1.3 log~10~ lower. Studies on H5N1 virus have demonstrated that blocking of key proinflammatory cytokines, such as TNF-α or IP-10, or its signaling pathways reduces the severity of the virus-infected mammalian hosts ([@B21]--[@B23]).

In view of its apparent lethality in humans, it was surprising that Sh2/H7N9 virus was not lethal to mice, even at the highest challenge dose (10^5^ PFU), and there was no dissemination of virus beyond the respiratory tract, in contrast to 483/H5N1 virus. The epidemiological differences in the age distributions of H7N9 and H5N1 disease in humans, with H7N9 being lethal predominantly for older adults rather than young adults, may be a reflection of the lower virulence of H7N9 than H5N1 virus. The median age of H7N9-infected patients is around 63 years, and 46% of 82 cases occurred in persons 65 years of age or older ([@B3]). The lower virulence in mice may suggest that H7N9 infection may lead to mild self-limited disease in children and young adults. Sh2/H7N9 infection of older mice may be instructive in this regard, as will human-population-based seroepidemiological studies, to ascertain whether mild H7N9 infections in children and young adults are common in affected areas.

MATERIALS AND METHODS {#h3}
=====================

Viruses and cells. {#h3.1}
------------------

A/Shanghai/2/2013 (H7N9) (Sh2/H7N9) virus was initially isolated from a patient with a fatal disease. The virus isolate had two passages in Madin-Darby canine kidney (MDCK) cells and one subsequent passage in the allantoic cavity of embryonated eggs and was the virus used in the experiments. The sequences of the virus were confirmed by resequencing of the entire genome using a Genome Sequencer Junior (Roche) to be identical to the initially published sequence ([@B1]). The control viruses A/dk/JX/3286/2009 (H7N9) (dk/H7N9) and ck/HK/HH8/10 (H9N2) (ck/H9N2) were also passaged in the allantoic cavity of embryonated eggs twice, while A/HK/483/97 H5N1 was passaged in Madin-Darby canine kidney (MDCK) cells as previously described ([@B17]). All procedures involving live H7N9 viruses were carried out in a biosafety level 3 facility at the University of Hong Kong.

Experimental infection of mice. {#h3.2}
-------------------------------

Specific-pathogen-free female BALB/c mice (6 to 8 weeks old) were infected with 1 × 10^5^ PFU of each virus (except that a dose of 10^3.7^ PFU was used for the H5N1 virus) in a volume of 25 µl intranasally and monitored daily for weight loss. In addition, a dose titration experiment of Sh2/H7N9 in mice was done with infectious doses of 1 × 10^4^, 1 × 10^3^, and 1 × 10^2^ PFU virus. The mice were sacrificed at the indicated days postinfection for virological and cytokine assays. The lung, brain, and liver were homogenized in 1 ml phosphate-buffered saline (PBS). A total of 200 µl of PBS was used for the nasal wash. All animal procedures were carried out under institutionally approved protocols.

Quantitative analysis of cytokines. {#h3.3}
-----------------------------------

Expression levels of IFN-α, TNF-α, MIP-1α, MIP-1β, MCP-1, MCP-3, RANTES, IFN-γ, KC, and IP-10 in the lung homogenates and blood serum were quantitatively determined by flow cytometry-based immunoassay (Flowcytomix Multiplex; Bender MedSystems). In brief, both lung homogenates and blood serum were collected at day 3, day 5, and day 8 postinfection. A total of 25 µl of each sample was processed according to the manufacturer's protocol. The amount of cytokine (pg/ml) in the samples was acquired on a BD LSRII (BD BioScience) and was calculated by FlowCytomix Pro 2.3 software (Bender MedSystems).

Virus titration. {#h3.4}
----------------

The virus stock used for infection of mice was titrated in a plaque-forming assay on MDCK cells. The quantification of virus in the homogenates of mouse organs was titrated on MDCK cells, and the titers were reported as tissue culture infectious dose units per 100 µl (TCID~50~/100 µl).

Collection of serum. {#h3.5}
--------------------

Virus-infected or mock-infected mice were deeply anesthetized with ketamine (80 mg/kg of body weight) and xylazine (16 mg/kg), and 0.7 ml of blood was collected through intracardiac puncture, followed by subsequent euthanization. The blood was allowed to clot, and the serum was separated by centrifugation and stored at −80°C.

Histology and immunohistology of mouse lung. {#h3.6}
--------------------------------------------

Lung tissues from virus-infected mice were fixed in 10% neutral buffered formalin for at least 24 h before processing. The tissues were embedded in paraffin by standard tissue processing procedures, and sections were cut at 4 µm and affixed on glass slides. Standard hematoxylin and eosin staining was carried out. Immunohistochemical staining of NP antigens in the lung tissues was performed by using antibody HB65 (European Veterinary Laboratories) according to our previously published protocol ([@B24]).

Statistical analysis. {#h3.7}
---------------------

Statistical significance of differences between experimental groups was determined by using Student's *t* test, assuming a normal distribution of the underlying data. *P* values of \<0.05 were considered significant. Spearman's correlation coefficient (*r*) was calculated between certain cytokine levels and viral load.

SUPPLEMENTAL MATERIAL {#h4}
=====================

###### 

Replication kinetics of A/Shanghai/2/2013 (H7N9), avian H9N2, and duck H7N9 in MDCK cells. MDCK cells were infected at a MOI of 0.01 with each virus. Cell culture supernatants were collected daily for three consecutive days, and the amount of infectious virus was determined by TCID~50~ titrations on MDCK cells. Download

###### 

Figure S1, TIF file, 0.5 MB
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